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Comparative DFT+U and HSE Study of the Oxygen Evolution 
Electrocatalysis on Perovskite Oxides  
  
Vladimir Tripkovic*, Heine A. Hansen, Juan M. Garcia-Lastra, Tejs Vegge 
1 Department of Energy Conversion and Storage, Technical University of Denmark, DK-2800 Kgs. 
Lyngby, Denmark. 
Abstract: The most common method for incorporating strong electron correlations is either to apply 
the Hubbard U correction on top of standard density functional theory calculations (DFT) or to use 
hybrid functionals. In this study, we elucidate the sensitivity of the Hubbard U correction in the 
PBE+U functional and the amount of exact exchange, , in the hybrid HSE functional on the 
structural stability, catalytic activity and electronic conductivity of pure and doped perovskite 
oxides, ABO3, (A = La, Ca, Sr and Ba, B = Cr, Mn, Fe, Co, Ni and Cu) for oxygen evolution 
electrocatalysis. We find a strong dependence of heat of formations and reaction overpotentials for 
a range of U = 0, 3 and 5 eV and  = 0, 0.15, 0.25, 0.35 values investigated in this study, which we 
attribute primarily to changes in the oxidation state of B cations. If the valence of B cations in the 
perovskite and reference oxide is the same, then the U- and  dependence is very small. On the 
other hand, if the valences are different then heat of formations can change by as much as 1 eV. As 
the oxidation state of a surface metal ion depends on adsorbed intermediate and nature of the 
element, similar differences in energies appear in the calculated reaction overpotentials for oxygen 
evolution. The large U and  dependence sets serious constraints on the use of DFT+U and HSE 
methods for assessing stabilities and catalytic activities of perovskite oxides. In addition, the large 
 dependence raises the question whether HSE calculations can improve sufficiently the accuracy 
of DFT+U results for multi-step electrochemical reactions to justify the excess computational cost. 
Although we have investigated only one particular class of catalysts and one electrochemical 
reaction, the results of this study can expectedly be generalized to other strongly correlated systems 
in which the oxidation state of the surface changes during reaction. The influence of U on the 
electronic conductivity is significant only in cases where it qualitatively changes the electronic 
structure, by e.g. opening the band-gap. From a combinatorial analysis on pure and doped oxides, 
we identify electronically conductive catalysts classified according to different electron conduction 
types: intrinsic conductivity (Fe4+, Co3+(intermediate spin, IS) and Ni3+), electron polaron hopping 
(along Mn3+-O-Mn4+ chains) and charge transport through holes in the valence band. 
 
*corresponding author: vltr@dtu.dk 
 
 
1. Introduction 
Perovskite oxides are earth-abundant, cheap ceramic materials with versatile application in 
industry. They can be used as ionic conductors in solid oxide fuel cells1–3, 
magnetoresistors4,5, superconductors6,7, sensors8,9, electrocatalysts in metal-air batteries and 
fuel cells.10–12 Their versatility stems from flexible structures that can be easily manipulated 
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by means of doping. In contrast, the structural flexibility is also a shortcoming as active 
compositions might decay during operation. 
The oxygen evolution reaction (OER) is a bottleneck in direct solar and electrocatalytic 
water splitting cells and rechargeable aqueous metal-air batteries. Improving the cost-
efficiency of these devices requires development of efficient, cheap and stable oxygen 
evolving catalysts. A good catalyst material should fulfil three basic conditions, namely: i) 
the composition and structure should be stable at the conditions of interest, which we set in 
the U = 1.7 – 1.8 V range vs. the Reversible Hydrogen Electrode (RHE), ii) it should be able 
to conduct electrons from the active site, and iii) it should be sufficiently active to catalyze 
water oxidation to oxygen. A prerequisite for tuning the structure and composition for 
targeted applications is to establish causal relationships between the electronic structure and 
fundamental material properties. The electronic structure contains all necessary information 
about the material, similar to the DNA in living cells. The activity of perovskite oxides for 
oxygen evolution/reduction has been related in past to electronic structure properties, such 
as the filling of the d band,10,12 the position of the p band center,13,14 charge transfer 
energy,15 adsorption energy of reaction intermediates etc.16,17 In fact, 14 different parameters 
were found to control the oxygen evolution/reduction activity to a smaller or greater 
extent.18 Furthermore, the same study revealed that the interplay of different factors is so 
convoluted that it is essentially impossible to make a universal model that describes the 
behaviour of all studied systems. This is mainly due to strong correlation effects present in 
transition metal oxides that are often very intricate and hard to capture with state-of-the-art 
methods.  
Most of the experimental results on the activity and stability of transition metal oxides 
are from thin film electrode studies. The focus in this work is on bulk architectures. Their 
advantage is that they can be used as is, i.e. without any complex mechanical or chemical 
processing. Bulk oxide electrodes often suffer from poor electronic conductivity, which is 
not the case for thin films due to presence of defects, axial strain, surface states and electric 
field. An example where the conductivity changes going from bulk to thin film catalysts is 
LaMnO3. LaMnO3 is a bulk semiconductor, but becomes conducive to electron transport 
when applied as thin films or heterostructures.19–21 
The study is carried out using Density Functional Theory (DFT) calculations. Here, we 
have selected a subset of perovskite oxides, ABO3, where A = La, Ca, Sr or Ba and B = Cr, 
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Mn, Fe, Co, Ni or Cu. The reason for selecting this particular subset is in a unique feature of 
first-row transition metals to accommodate a variety of oxidation states, thus offering near-
optimal binding energies for different reaction intermediates. The change in the oxidation 
state results in relatively low reaction overpotentials. In the perfect cubic perovskite crystal, 
A cation is sitting in a cage surrounded by 12 equidistant oxygen ions, while B cation is 
octahedrally coordinated to 6 oxygen ligands. The ideal cubic structure may be distorted 
depending on the size of the A and B cation.22 
Following the previous findings, we do not attempt to describe all the selected oxides 
with a simple universal relationship, but instead, endeavour to disentangle and understand 
the complex interplay between the magnetic, electronic and geometric factors and elucidate 
their influence on the structural stability, catalytic activity and electronic conductivity. A 
special emphasis is devoted to evaluating and comparing the results using state-of-the-art 
computational methods, such as DFT+U and hybrid calculations.  
The paper is structured in the following way: first, we tabulate and discuss the main 
electronic, geometric and magnetic properties of selected pure oxides. Afterwards, we 
evaluate structural stabilities through the analysis of heats of formation, catalytic activities 
through computed reaction overpotentials and the electronic conductivities through the 
analysis of the electronic density of states (DOS). On the basis of the presented results we 
discuss how reliably DFT+U and hybrid calculations can be used to model perovskite oxides 
and other strongly correlated systems in general. 
 
2. Method 
For total energy calculations we used the planewave Vienna ab initio Simulation Package23 
(VASP) code (version 5.3.2) with the projector augmented-wave (PAW) pseudopotentials 
and the PBE24 exchange-correlation functional. We apply default pseudopotentials, except 
for Ca, Sr and Ba, where we use Ca_pv, Sr_sv and Ba_sv. We set the energy cutoff to 500 
eV, which is 100 eV higher than the default cutoff for the most demanding, among the 
considered elements, O PAW pseudopotential. We used the 3x3x2 Monkhorst Pack k-point 
mesh for bulk hexagonal (6 formula units) and orthorhombic (4 formula units) unit cells, 
6x6x6 for cubic (1 formula unit) and 4x4x4 for hexagonal (2 formula units) unit cell with 
face-shared octahedra. All calculations are performed as spin-polarized. We used the on-site 
Hubbard U correction, where U is defined as Ueff, i.e. a difference between the screened 
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Coulomb and exchange parameter, Ueff  = U – J.25 We used three representative U values (U 
= 0, 3 and 5 eV) to investigate the sensitivity of the structural stability, catalytic activity and 
electronic conductivity on U-parameter. We compared the results against the hybrid Heyd-
Scuseria-Ernzerhof (HSE) calculations performed on top of pre-converged DFT+U results 
by setting PRECFOCK=Fast and TIME=0.4.26 To reduce the computational cost the bulk 
lattice constants in the HSE calculations are kept fixed to the DFT+U = 5 eV values. As was 
recently shown, the amount of exact exchange, i.e. the mixing parameter () in the HSE 
functional decreases along the transition metal series, suggesting that  needs to be fitted to 
experimental values similarly to U in DFT+U calculations.27 To test the sensitivity of the 
HSE results on , we used discrete  = 0, 0.15, 0.25 and 0.35 values. We set the range 
separation parameter to 0.25 Å-1, which is in-between those for HSE03 and HSE06 XC 
functionals. In Table 1, we show on the example of the OH binding energy, which often 
makes the potential determining step, that the influence of the range separation parameter is 
much smaller in comparison to that of  (vide supra).  
 
Table 1 The binding energy of OH in units of electron volts as a function of the range 
separation parameter. 
 LaCrO3 LaMnO3 LaFeO3 
r = 0 Å-1 1.10 1.39 1.70 
r = 0.15 Å-1 1.11 1.40 1.71 
r = 0.20 Å-1 1.09 1.53 1.77 
r = 0.25 Å-1 0.99 1.46 1.70 
r = 0.30 Å-1 1.07 1.50 1.64 
 
To model oxide surfaces we use the most stable (001) perovskite facet. We model 
surfaces of LaNiO3 and LaCoO3 having the same orthorhombic crystal structure as other 
members of the La perovskite family following approach in Ref.28. We use a rather thin slab 
of 4 layers (2 AO and 2 BO2 layers), with 2 B cation sites in the surface unit cell. The 
binding free energy of OH on LaMnO3/LaFeO3 increases from 1.61/1.80 to 1.67/1.92 eV 
with the increase of the slab size from 4 to 6 layers. The variation in the adsorption energy 
with the slab thickness is much smaller in comparison to changes at different U values (vide 
supra). We keep the bottom layer fixed to represent the bulk crystal, while we relax 
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remaining atoms until the forces are below 0.03 eV/Å in DFT + U calculations. For HSE 
calculations we assume convergence if the total energy changes by less than 0.01 eV in the 
last 5 steps.    
The calculated magnetic moment sometimes departs from the value expected from 
crystal field splitting and spin ordering, for instance, the magnetic moment of Fe3+ in 
LaFeO3 at U = 5 eV is 4.26 and not 5.0 μB. Furthermore, there are cases in which the 
nominal and real oxidation states are not the same, e.g. Co in CaCoO3 or SrCoO3 is closer to 
Co+3 than Co+4.  
As a measure of the electrochemical stability at the given conditions, we use the heat of 
formation calculated against individual oxide phases stable in the pertinent potential 
window. For the perovskite oxides investigated in this work Cr2O3, Fe2O3, MnO2, CoO2, 
NiO2, and CuO are used as references for calculating heats of formation. It is worth noting 
that Cr and Fe are not stable as solid oxides under OER conditions, but as dissolved CrO4
2- 
and FeO4
2- ions.29 The potentials at which Fe and Cr start to dissolve are found to be 
approximately 0.7 V at pH = 7.29 At U = 1.7 V vs. RHE relevant for oxygen evolution, the 
electrochemical stability is considerably overestimated because it is calculated against the 
oxide phases, instead of the more stable dissolved species in solution. Notable, Fe might not 
fully dissolve, but instead form an inert layer that will passivate the surface.30 The reason 
why we use oxide references is because LaFeO3 and LaCrO3 can be employed in high 
temperature electrolysis/fuel cells, where there is no metal ion dissolution. 
The expression for calculating heats of formation depends on the valence of A and B 
cations. If A is a trivalent ion, formation energy is calculated as: 
∆Gf/o = G(LaBO3) −
1
2
G(La2O3) −
1
2
G(BO) −
1
2
G(O2),  (1) 
∆Gf/o = G(LaBO3) −
1
2
G(La2O3) −
1
2
G(B2O3) and  (2) 
∆Gf/o = G(LaBO3) −
1
2
G(La2O3) − G(BO2) +
1
4
𝐺(O2),  (3) 
for di-(Cu), tri-(Cr and Fe) and tetravalent (Mn, Co and Ni) B cations. Symbol ‘f/O’ in the 
subscript designates that formation energy is calculated from relevant oxide phases and not 
from constituent elements A, B and O2, which is assumed under conventional definition of 
formation energy. If A is a divalent (Ca, Sr or Ba) ion, formation energy reads:  
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∆Gf/o = G(ABO3) −
1
2
G(B2O3) − G(AO) −
1
4
G(O2) and  (4) 
∆Gf/o = G(ABO3) − G(BO2) − G(AO)    (5) 
for tri- and tetravalent B cations.  
We make a conjecture for the doped catalysts that the crystal structure does not change 
within the investigated dopant concentration (x < 0.25); i.e. LaB1-xB’xO3, where B’ is the 
dopant atom, has the same crystal structure as its terminal member LaBO3. The free energy 
is computed from the energy calculated with DFT extrapolated to T = 0 K. We take the 
entropy of oxides to be zero and include the entropy term only in G(O2). DFT notoriously 
overestimates the oxygen binding energy.31 To get accurate heats of formations in eqs. (1), 
(3) and (4) that involve oxygen, the energy of oxygen is corrected using the ½O2 + H2 = 
H2O reaction. The difference in the reaction free energy between the calculated and 
experimental value is 0.37 eV per oxygen for PBE and 0.16, 0.11 and 0.06 eV for  = 0.15, 
0.25 and 0.35, respectively in HSE calculations. For calculating adsorption free energies and 
reaction overpotentials we used the approach outlined in refs. 32 and 33. 
 
3. Results and Discussion 
3.1. Pristine oxides 
We start the analysis by discussing geometric (crystal structure, Goldschmidt tolerance 
factor), magnetic (types of magnetism and spin ordering) and electronic (electron conduction 
type, eg electron count, the U correction) properties of the selected oxides. As we shall see, 
these properties are not independent but coupled. Table 1 contains a summary of data 
computed in this work and taken from literature regarding the most important properties of 
the selected perovskite oxides. For each column, we explain the data in detail and discuss 
their implications.  
The conduction type is denoted in column 2 (in the case of a semiconductor, the value 
for the band-gap is given in brackets). There are various approaches to determine the size of 
the band-gap from optical absorption spectra, which is the main reason why values in the 
literature differ by approximately 10 - 20%.34 We find that the size of the band-gap reduces 
in the first-row transition metal series because the large charge on the nucleus shifts the 
metal 3d orbitals down. The downshift in turn enhances the hybridization of the O 2p and 
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metal 3d states resulting in broadening of the band-width and a concomitant decrease of the 
band gap.35 Noticeably, Mn is the only point that sticks out from the general band-width 
trend.   
The third column shows the preferred crystal structure. We discriminate among five 
different crystal structures: cubic, tetragonal, orthorhombic and two types of hexagonal, with 
corner- and face-shared octahedra (cf. Figure 1). The tetragonal and orthorhombic cells are 
derived from the cubic cell by applying axial strain in one or two crystal directions, 
respectively. Face-shared octahedra form one dimensional chains as in e.g. BaCoO3.
36 
a) 
 
b)
 
c)
 
Figure 1 Side views of three respective crystal structures a) hexagonal LaCoO3 with tilted corner-
shared octahedra b) cubic CaCoO3 with straight corner-shared octahedra and c) hexagonal 
BaCoO3 with face-shared octahedra. Opaque octahedra show octahedrally coordinated B cations.  
 
Another important geometric parameter not listed in Table 2 is the metal-oxygen-metal (M-
O-M) bond angle. In cubic structures, the angle is 180° and for all the other structures it is < 
180°. The angle depends on the degree of tilting of the BO6 octahedrons and arises as a 
result of axial stress produced by the incommensurate A and B cation sizes and/or Jahn-
Teller (JT) distortions. A good example where this effect comes into play is a class of 
lanthanide nickelates.37 Column 5 contains values for the Goldschmidt tolerance factor. For 
t≈1, the structure is cubic, if t < 1, the oxide crystallizes either in the tetragonal, 
orthorhombic or corner-shared hexagonal unit cell, and if t > 1, the structure is often 
hexagonal with face-shared octahedra.38 Many structures with Ba at the A site are with face-
shared octahedra (cf. Figure 1), due to a large Ba2+ cation size. According to crystal field 
theory, d orbitals of an octahedrally coordinated ion are split into a doublet (eg) and a triplet 
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(t2g). The crystal field splitting increases with the ion’s oxidation state and ionic radius from 
left to right in the transition metal series. For this reason, Fe3+, Fe4+, Mn3+, Mn4+ are high 
spin (HS) ions, and Ni3+, Ni4+ and Co4+ low spin (LS) ions. Co3+ is, however, at the border, 
justifying why Co3+ can be found in both an intermediate (IS) and a LS state. In LaCoO3, 
Co3+ ions are in a non-magnetic LS state, whereas in the orthorhombic and cubic crystal 
structures they are in the IS state, characterized by an electronic transition from the t2g to eg 
level.39,40 The magnetic transition arises as a consequence of a different O-M-O bond angle, 
the M-O distance and partial charge transfer from O 2p to metal 3d states. If the angle is 
close to 180°, there is a better overlap between the Co 3d and O 2p orbitals, which increases 
crystal field splitting and renders Co3+(LS) more stable. A decrease in the M-O bond 
distance has the same effect. A partial charge transfer turns Co4+(LS) in CaCoO3 to Co
3+(IS). 
Co3+(LS) can also be thermally excited to higher spin states, e.g. Co3+(LS) in LaCoO3 upon 
heating becomes first Co3+(IS) at 35 K and then Co3+(HS).41,42 However, as DFT simulations 
are performed close to absolute zero, the minimum is obtained with Co3+(LS). 
We deduce the eg filling parameter from the ion’s valence and spin ordering. The eg 
filling and ion valence are listed in the last two columns in Table 2. The eg value has 
previously been used as an activity descriptor for the oxygen evolution/reduction 
activity.10,76 We find that partial filling of the eg orbital can also describe electronic 
conductivity to a certain extent. Having eg = 1 is a necessary, but not a sufficient condition 
for ensuring electron transport. For instance, Mn3+ with nominal eg count of 1 is a non-
conductive species, which is supported by the presence of JT distortions.27,77 In contrast, 
there are no JT distortions for Ni3+ owing to a delocalized nature of its eg electron. 
The hybridization is not only determined by the eg filling, but also strongly influenced by 
the M-O-M bond angle. All the cubic systems with eg = 1 and straight M-O-M bond angles 
are electronically conductive. The interplay between the bond angle and eg filling is a good 
example of a cooperative effect between an electronic and geometric factor; which again 
underscores the complexity of these oxides. 
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Table 2 Electronic, magnetic and geometric properties of selected oxides. SC stands for a 
semiconductor (band gaps values in brackets are in eVs). A, C and G, S(screw) and H(helical) 
letters stand for different types of magnetic ordering. 
Perovskite 
oxide 
Conduction 
type 
Crystal 
structure1 
Magnetic 
orderingE
rror! 
Bookmark not 
defined. 
 
Toleranc
e factor2 
Ion 
valence 
eg 
electron 
counts3 
LaCrO3 SC (3.40)35 orthorhombic43 G-AFM44 0.969 3 0 
LaMnO3 SC (1.10)35 orthorhombic45 A-AFM46 0.954 3 (HS) 1 
LaFeO3 SC (2.10)35 orthorhombic47 G-AFM48 0.954 3 (HS) 2 
LaCoO3 SC (0.30)35 corner-
hexagonal49 
NM50 1.003 3 (LS) 0 
LaNiO3 metal51 corner-
hexagonal52 
FM53 0.996 3 (LS) 1 
LaCuO3 4metal/SC54 tetragonal55 FM56 0.916 2  1 
       
CaCrO3 5metal orthorhombic57 C-AFM57 1.001 4  0 
CaMnO3 SC (3.07)58  orthorhombic59 G-AFM60 1.004 4  0 
CaFeO3 metal61 orthorhombic61 s-AFM61 0.976 3 (HS) 1 
CaCoO3 metal62 cubic62 FM62 0.980 3 (IS) 1 
       
SrCrO3 5metallic tetragonal/cubic63 C-AFM63 1.030 3-4  0 
SrMnO3 SC (1.60)64 face-hexagonal64 AFM64 1.041 4 0 
SrFeO3 metallic65 cubic65 s-AFM66 1.012 3 (HS) 1 
SrCoO3 metallic62 cubic62 FM67 1.016 3 (IS) 1 
       
BaCrO3 SC(0.38)68 tetragonal68 AFM68 1.091 3-4 0 
BaMnO3 SC69 face-hexagonal36 AFM36 1.103 4 (HS) 0 
BaFeO3 half-metal70 cubic71 h-AFM71 1.072 3-4 (HS) 1-2 
BaCoO3 SC72 face-hexagonal73 AFM74 1.182 4 (LS) 0 
BaNiO3 SC75 face-hexagonal75 NM75 1.132 4 (LS) 0 
1 Crystal structures are taken from literature under ambient conditions and magnetic structures at T = 0 K. 
2 Tolerance factors are calculated from crystal ionic radii in ref. [105] using real ion valences.   
3 The number of eg electrons is calculated from the ion’s valence at T = 0 K and preferred spin ordering. 
4 It is still a matter of debate whether pristine LaCuO3 is a semiconductor or a metal 
5 It is still a matter of debate whether CaCrO3 and SrCrO3 are insulating or metallic. 
 
3.1.1. Stability 
One major challenge in standard DFT calculations is how to compensate for a self-
interaction error.78 This spurious effect, which originates from the interaction of an electron 
with itself, is accompanied by charge delocalization. The charge delocalization is 
particularly challenging for a family of strongly correlated systems, whose electronic 
structures are characterized by many local features. The DFT + U approach is 
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computationally the most affordable and widely accepted method for alleviating the self-
interaction error. It should be noted that U is an empirical, computational parameter with no 
physical counterpart, whose choice varies greatly depending on which property is fitted 
and/or which implementation is used.79,80 This is well illustrated by the example of LaMnO3, 
where a range of U-values between 1.0 and 6.7 eV have been reported.81–84 For reaction 
energetics, the most meaningful approach to deduce the U value is to fit it to experimental 
enthalpies of known redox reactions (when available), which contain the same ions that are 
present in reaction under study. For calculating formation energies for, e.g., LaMnO3 against 
MnO2, the U-value should be fitted to an auxiliary reaction in which the oxidation state of 
Mn changes from Mn+3 to Mn+4, e.g. Mn2O3 + ½O2  2MnO2. Such an empirically fitted U 
would likely yield a better estimate of the formation energy for LaMnO3 in Eq. (3).   
Formation energies computed at the DFT+U level, for three different U values are shown 
in Figure 2. As seen, for most of the catalysts, the formation energy is strongly dependent on 
the U value. The U correction has a different effect on ions in different oxidation states. 
There are three different ways in which formation energy can change depending on the 
oxidation state of the B cation in the perovskite (𝑂𝐵
𝑝𝑒𝑟
) and reference B oxide (𝑂𝐵
𝑟𝑒𝑓
). If 
𝑂𝐵
𝑝𝑒𝑟 < 𝑂𝐵
𝑟𝑒𝑓
, formation energy increases with U, i.e. the catalyst material becomes more 
stable, if 𝑂𝐵
𝑝𝑒𝑟 > 𝑂𝐵
𝑟𝑒𝑓
formation energy is found to decrease with U and if 𝑂𝐵
𝑝𝑒𝑟 = 𝑂𝐵
𝑟𝑒𝑓
 (e.g. 
LaCrO3, LaFeO3, CaMnO3, BaNiO3, etc.), formation energy becomes largely U 
independent. The effect of U on formation energies is explained by the following: imposing 
occupation of 3d orbitals by applying the U correction shifts the occupied 3d orbitals further 
away from the Fermi level. Consequently, the covalence between the transition metal 3d and 
O 2p orbitals reduces, which causes the total energy of the system to increase. The increase 
is more pronounced for ions in higher oxidation states, because 3d orbitals have higher 
energies being closer to the core electron states and a further downshift will lead to a larger 
energy increase in comparison to ions in lower oxidation states. Applying the same U on 
Mn3+ in LaMnO3 and Mn
4+ in MnO2 shifts the total energy of the latter more, which 
effectively increases the LaMnO3 formation energy. The same argument can be used to 
explain the reduction in formation energy when 𝑂𝐵
𝑝𝑒𝑟 > 𝑂𝐵
𝑟𝑒𝑓
.  
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Figure 2 Calculated heats of formation with DFT+U at three different U values. O3 in the oxide 
formulas on x-axis is omitted for clarity. 
 
Computationally more demanding hybrid functional calculations, typically those of the 
HSE flavour are now often being used as benchmark calculations to evaluate the DFT+U 
results. Instead of artificially enforcing occupation with the U parameter, electron 
correlations in hybrid functionals are accounted for by introducing a certain amount of Fock 
(exact) exchange,  in the short-ranged electron-electron interactions. Although electron 
correlations are more naturally taken into account by mixing the PBE and Fock exchange, 
the results are also affected by the choice of .8527 In order to investigate how much the 
results change with , we have calculated formation energies of the perovskite oxides at 
discrete values of  = 0, 0.15, 0.25 and 0.35 (cf. Figure 3).  
As seen in Figure 3, formation energies change even more drastically in the investigated 
 = 0 – 0.35 range than they change with U when 𝑂𝐵
𝑝𝑒𝑟 ≠ 𝑂𝐵
𝑟𝑒𝑓
. In the 𝑂𝐵
𝑝𝑒𝑟 = 𝑂𝐵
𝑟𝑒𝑓
 case, the 
results are independent of  and similar to those in DFT+U calculations. An equally strong 
dependence of formation energies on  as on U suggests that  should be fitted, e.g. to 
reaction enthalpies, similarly as U in DFT + U calculations. The necessity for adjusting  
brings into discussion whether standard HSE calculations should always be used as robust 
benchmarks. 
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Figure 3 Calculated heats of formation with HSE at three different mixing parameters (). O3 in the 
oxide formulas on x-axis is omitted for clarity. 
 
Although it is not possible to discuss stability in absolute terms using results in Figure 2 
and 3, some general trends can still be inferred, e.g. perovskite oxides with face-shared 
octahedra (SrMnO3, SrNiO3, BaMnO3, BaCoO3 and BaNiO3) have the highest formation 
energies. It should be noted that formation energy is not the only criterion for having a stable 
system. Electrolysis and most battery cells are open systems that feed on air, and where 
there is air there is also carbon dioxide in ppm amounts. Alkaline earth oxides in the 
presence of CO2 tend to form carbonates, which are detrimental for the alkaline 
electrolysis/battery cell.86–88 Formation of carbonates is always favoured because of high 
heats of formation (1.62, 2.13 and 2.56 eV for Ca, Sr and Ba carbonates, respectively). From 
that perspective, La compounds and in particular LaMnO3, LaNiO3 and LaCoO3, are better 
choices for oxygen evolution electrocatalysis.  
Furthermore, certain compounds, such as CaCrO3, CaFeO3, CaCoO3, SrCrO3, SrFeO3, 
SrCoO3, BaCrO3 and BaFeO3 have close to zero or even negative heats of formations, which 
is almost equivalent to the list of materials CaCrO3
89, SrCrO3
89, CaCoO3
29, SrCoO3
30, 
CaFeO3
90, SrFeO3
71 and BaFeO3
71 whose synthesis is possible only under elevated 
temperatures and pressures of several GPa. Such extreme conditions are necessary to force 
oxygen into the crystal lattice of oxygen deficient precursors. It is therefore highly unlikely 
that any of these oxides will be stable in the long-run in an electrochemical environment. 
Many of these materials belong to a special class of charge transfer insulators with negative 
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charge transfer energy, Δ. The Δ measures the distance between the O 2p and metal 3d 
states. In the case 3d orbitals have higher binding energies than the O 2p orbitals, Δ becomes 
negative, which instigates a spontaneous charge transfer from oxygen to metal 3d states. As 
a result, ion valences become different than the nominal values, i.e. O2- and Bn+ become O(2-
δ)- and B(n-δ)+, respectively. The positive charge on O2- is usually denoted as a ligand hole L. 
Antibonding orbitals formed via hybridization of the O 2p and metal 3d states have more O 
2p character because the O 2p states are closer in energy to the Fermi level, which becomes 
important if system is doped by a lower valent element (vide supra). Assuming that positions 
of the O 2p and occupied metal 3d orbitals are well described by their respective centres, εp 
and εd, increasing their relative separation, εp-εd, increases the Δ. In turn, this makes the 
crystal less stable because the electrostatic interaction, that is, the Madelung energy between 
O(2-δ)- and B(n-δ)+ is lower than that between O2- and Bn+.91 A decrease in the activity with εp 
approaching the Fermi level is experimentally well documented.14,91 The Δ-value increases 
with the ion’s oxidation state because the d states are pulled further down in comparison to 
O 2p states (cf. Co3+(IS) in CaCoO3). For a more detailed discussion about Δ and its 
implications we refer to Ref. 92. Charge transfer has been experimentally observed for 
SrFeO3, CaCoO3 and BaFeO3, in which Co and Fe are closer to the +3 than +4 nominal 
oxidation state.92 Another effect arising from negative Δ is charge disproportionation. 
Typical examples are Fe4+ in CaFeO3
56,84 and CaCu3Fe4O12
93, and Ni3+ in some lanthanide 
nickelates.61,94,95 Charge disproportionation in CaFeO3 is not a consequence of electron 
transfer between two Fe4+ (i.e. the formation of a Fe3+-Fe5+ pair), but between Fe4+ and O 2p 
states, which creates 2Fe3+ and two ligand holes L2 on oxygen.93,94  
La is likely the best choice for A element, because 1) it does not form carbonates, 2) La 
perovskites, in particular LaCoO3 and LaNiO3 seem to be stable catalysts and 3) the chances 
for charge transfer are much smaller when cation B is in the +3 oxidation state. 
 
3.1.2. Activity  
Here, we compute the OER activities using the computational hydrogen electrode (CHE) 
method for the subset of La perovskites.32 The difference between the O and OH binding 
free energies was shown to be a good descriptor for the oxygen evolution activity.17 Herein, 
the reaction overpotentials are derived by calculating adsorption free energies of all different 
reaction intermediates (not only O and OH) and identifying the step with the highest 
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thermochemical free energy barrier. We examine four different reaction mechanisms, in 
which we assume a concerted proton-electron transfer. Exploring the entire potential energy 
landscape including pathways where proton and electron transfers occur in separate steps,96 
is beyond the scope of the present study. 
Prior to the activity analysis, we first determine the stable surface termination. This is 
paramount because the reaction path and the reaction overpotential might change with the 
surface termination, which is a function of potential. We calculate surface terminations at U 
= 5 eV, which corresponds approximately to average U values reported in the literature for 
La-perovskites.97–99 For the unit cell size used in this work, there are four surface oxygen 
atoms. We find that even at OER conditions (1.70 V vs RHE), most of the surfaces are 
partially reduced and terminated with hydroxyl groups (cf. Note 1 in the Electronic 
Supplementary Information (ESI)). It should be noted that we determine the surface 
termination for U = 5 eV and  = 0.25 and then assume it to be the same for other U and  
values, respectively. 
We distinguish among four different reaction mechanisms, two of those are taking place 
on a single site and two involve two adjacent sites. In the first mechanism, oxygen evolution 
takes place through a series of oxidation steps beginning with the first hydroxyl discharge to 
the surface (step 1). In the next step, the surface OH is deprotonated to the *O intermediate. 
*OOH is formed after the second hydroxyl discharge to the *O (step 3). The second 
deprotonation step makes the *O2 (step 4) which subsequently desorbs from the surface. 
* + OH- → *OH + e-    (step 1) 
*OH + OH- → *O + H2O + e-   (step 2) 
*O + OH- → *OOH + e-     (step 3) 
*OOH + OH- → O2(g) + H2O + e-   (step 4) 
We noticed that *OOH on LaFeO3 and LaMnO3 spontaneously decomposes to 
*O2 and a 
proton which adsorbs on a free lattice oxygen site.  
 *OOH + *  O2(g) + *H   (step 4’) 
The subsequent proton desorption is downhill in free energy at U = 1.70 V, since pertinent 
LaFeO3 and LaMnO3 surfaces are 
*H-free at that potential. 
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The second pathway involves lattice oxygen.91 The reaction starts with the same steps 1 
and 2, then the O2 desorbs from the surface leaving a surface oxygen vacancy.  
*O  O2(g) + *Ovac    (step 5) 
This step is not potential dependent, but might enter into the reaction rate through the 
pre-exponential factor. Moreover, if the desorption barrier is prohibitively high then the 
reaction will be inhibited regardless of the potential. O2 desorption is followed by step 6 and 
7 after which the initial surface is restored: 
*Ovac + OH
- → *H + e-   (step 6) 
*H + OH-  * + H2O + e-   (step 7) 
In the third reaction mechanism, steps 1 and 2 are followed by steps 8 and 9 before two 
surface oxygen atoms recombine to make O2(g).  
*O + * + OH- → *O + *OH + e-   (step 8) 
*O + *OH + OH- → 2*O + H2O + e-   (step 9)    
2*O → *O2 → O2(g) + *   (step 10) 
A fourth possible pathway starts as well with step 1, which is repeated twice before a 
chemical disproportionation step converts two neighbouring hydroxyls to oxygen and water.  
2*OH → *O + H2O    (step 11) 
*O2 desorbs from the surface through step (5) and the 
*Ovac is removed through steps 6 
and 7 to complete the thermodynamical cycle. The probability of this reaction pathway is 
very low due to a large distance between two adjacent B sites on which OH adsorbs.100 
Therefore, we decided to exclude this pathway from further analysis. In Note 2 in the ESI, 
we list free energy values for steps 1 to 10. We find that either step 1 or step 2 is the 
potential determining step (PDS) on all the catalysts studied herein. As the first, second and 
third reaction mechanism share the same steps 1 and 2, the reaction overpotential associated 
with the 2nd and 3rd pathways cannot be lower than the overpotential from the 1st pathway. 
This suggests that the three reaction mechanisms might run in parallel. Nonetheless, the 2nd, 
i.e. lattice oxygen pathway can be excluded for all the catalysts but LaCoO3 because the 
kinetic barrier in step 5 is exceedingly high (above 1 eV). Also, the PDS (step 8 or 9) in the 
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3rd reaction mechanism is usually higher than step 1 or step 2, suggesting that the reaction 
proceeds via the first reaction mechanism on a single site. The oxygen evolution cycle for 
the 1st reaction mechanism is illustrated in Figure 4. The changes in the reaction 
overpotential as a function of U in DFT + U and as a function of  in HSE calculations are 
shown in Figure 5. The overpotential is inferred by subtracting the equilibrium potential for 
oxygen evolution (1.23 V) from the potential corresponding to the step with the highest free 
energy barrier, i.e the largest ΔG1-4 in Table 3. 
 
 
 
Figure 4 Illustration of the oxygen evolution mechanism on the example of LaNiO3. Blue, brown, 
red and white balls are La, Ni, O and H atoms, respectively. Oxygen atoms in reaction 
intermediates are highlighted in yellow.   
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a) 
 
b) 
 
 
Figure 5 Calculated reaction overpotentials for the oxygen evolution reaction, ηOER, at different a) 
U and b)  values in DFT+U and HSE calculations, respectively. Selecting U = 0 eV in DFT+U 
and  = 0 in HSE calculations is equivalent under condition that the termination is the same.   
 
As seen in Figure 5 there is a large difference in the reaction overpotential with both U and , 
which can be assigned to changes in the B cation valence during electrochemical reaction. The 
reaction overpotentials for LaCoO3 in Figure 5a and 5b have different values at U = 0 eV and  = 0, 
respectively because of the different terminations, that is, the number of hydroxyl species on the 
surface (cf. Note 1 in the ESI). It should further be noted that LaCoO3 is modelled with Co
3+ in the 
LS state. The Co3+(IS) prevailing at room temperature would likely give different reaction 
energetics, however, given the large U-dependence, it is not possible to compare the results for the 
two spin states. We make a comparative analysis by listing the adsorption energies of different 
reaction intermediates on LaCrO3, LaMnO3 and LaNiO3 in Table 3.
32 The free energy values for 
steps 1-4 using different U and  parameters are summarized in Note 2 in the ESI. 
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            a) 
 
b) 
 
Figure 6 Oxygen intermediate binds a) on-top of a Cr ion in LaCrO3 and b) in a lateral site on 
LaFeO3, where it makes peroxo species with lattice oxygen. Light blue, grey, brown and red balls 
are La, Cr, Fe and O atoms, respectively. 
 
OH* in an-top position increases the oxidation state of a B metal ion by 1. On the other 
hand, O* increases the oxidation state by two if adsorbed on-top (Figure 6a) or keeps the 
same oxidation state if adsorbed between a surface oxygen and metal ion site (Figure 6b), 
where it creates a peroxo species with the lattice oxygen. The latter happens on LaFeO3 and 
LaMnO3, where the presence of peroxo species is discerned by the O-O bond length (1.47 
Å) and charge on the oxygen ions. In the presence of peroxo species the valence of surface 
Mn and Fe is the same as those on the pure slab, explaining why ΔE(*O) in Table 3 is U 
independent. On LaCrO3, the O adsorbs in the on-top position, thereby changing the 
oxidation state of Cr from +3 to nearly +5. Cr5+ forms a stable +5 oxide (Cr2O5) in contrast 
to the other transition metals. As a result of the change in the oxidation state, ΔE(*O) for 
LaCrO3 is U-dependent; it changes from 0.80 to 2.82 eV in the U = 0 - 5 eV range. The 
same valence argument can be used to explain why ΔE(OH) and ΔE(OOH) change with U. 
On LaFeO3 and LaMnO3, ΔE(OH) changes with U as well, but surprisingly ΔE(*OOH) is 
found to be U-independent. By examining more closely the structure we realized that OOH 
underwent a spontaneous decomposition via *OOH*O2- + H+ to an adsorbed superoxo *O2- 
characterized by a O-O bond length of approximately 1.30 Å and a proton, which adsorbs on 
an empty lattice oxygen site. The decomposition and presence of superoxo *O2
- keeps the 
oxidation state of surface ion the same as on the pure slab, which results in small variations 
of adsorption energies with U. We note here that this is not the first report on the effect of U 
on reaction energetics.80,101 In a recent study, the authors have reported a dramatic change of 
approximately 2.0/1.0 eV in the reaction free/activation energy for formaldehyde 
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dehydrogenation on CeO2.
80 From our perspective, these large changes can be attributed to 
the changes in the oxidation state of Ce along the reaction path.  
The same tendencies and even larger changes are observed for changing  in the 
investigated 0 - 0.35 range. Again, free energies are strongly dependent on the oxidation 
state of B cations, which results in large fluctuations in the calculated overpotentials. 
Consequently, we arrive at the same conclusion as in the case of the formation energies: 
HSE calculations do not seem to improve sufficiently the DFT+U results for the OER 
overpotentials to justify the excess computational cost.  
Obtaining an accurate estimate of the reaction overpotential is difficult because 1) there 
are 4 different electrochemical steps involved in the OER, whereas U (or ) are inferred by 
fitting to a single reaction; 2) oxidation states of surface B cations do not always change as 
expected; they are both dependent on the nature of the cation and oxygen intermediate (cf. 
Table 3); 3) most of late transition metal perovskites are charge transfer insulators 
suggesting that lattice O 2p states can also play a role in the reaction, such that upon 
oxidation, the holes may localize on the O 2p states; and 4) the possible charge transfer from 
O 2p to metal 3d states, especially in the case of ions that are in the +4 or higher oxidation 
state.   
To put these results into a broader perspective, the changes in the formation energies and 
reaction overpotentials reported herein are not solely restricted to this particular class of 
materials, but may likely be pervasive throughout the class of strongly correlated oxides, 
where standard DFT approaches do not provide a satisfactory description of the electronic 
structure. We are currently pursuing two avenues to remedy this problem, i.e. a 
computationally low-cost approach in which reaction energetics can be made U-independent 
with the help of thermochemical tables and secondly, to apply a higher-level method, viz., 
Møller–Plesset second order perturbation (MP2) theory using a computationally affordable 
linear combination of atomic orbitals (LCAO) basis set to describe the wavefunctions. 
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Table 3 Adsorption energies in units of electron volts at three different U and  values. 
Valences of B cations taken at U = 5 eV and  = 0.25 are shown in V(B) columns. On the 
pure slab, the valence is always 3. 
 LaCrO3 LaMnO3 LaFeO3 
U (PBE+U) 0 3 5 V(B) 0 3 5 V(B) 0 3 5 V(B) 
ΔE(*OH) 0.02 0.64 0.98 3-4 0.29  0.91 1.26 3-4 0.19 0.99 1.45 4 
ΔE(*O) 0.80 2.02 2.82 4-5 3.20 3.22 3.23 3 3.11 3.09 3.14 3 
ΔE(*OOH) 2.96 3.55 3.91 3-4 3.23 3.13 4.09 3 3.85 3.86 3.82 3 
 LaCrO3 LaMnO3 LaFeO3 
 (HSE) 0.15 0.25 0.35 V(B) 0.15 0.25 0.35 V(B) 0.15 0.25 0.35 V(B) 
ΔE(*OH) 0.69 0.99 1.43 4 1.01 1.46 1.56 3-4 1.16 1.70 2.14 4 
ΔE(*O) 2.05 2.74 3.53 4-5 3.32 3.23 3.30 3 3.33 3.44 3.53 3 
ΔE(*OOH) 3.98 4.35 4.76 3-4 3.52 3.43 3.35 3 4.29 4.42 4.51 3 
 
3.1.3. Electronic conductivity 
A major challenge associated with GGA-level DFT calculations is a considerable 
underestimation of the band gap due to the self-interaction correction.78 The problem can to 
some extend be resolved by applying the on-site U Coulomb correction, which opens the 
band gap. Once the gap is opened and material becomes a semiconductor, a further increase 
in U will only widen the band-gap. Thus, increasing U above the critical value at which the 
gap opens up can only have a quantitative effect on the conductivity. Exceptions are polaron 
states, because their position is quite sensitive to the width of the gap.102 For the systems 
studied herein, we find a small change in the electronic structure at U = 3 and 5 eV, even for 
systems with polarons. We do not observe large qualitative changes in the electronic 
structure for pure La-perovskites when HSE is used (cf. Note 3 in the ESI). Therefore in the 
following we draw conclusions about electron conductivity on the basis of DOS plots 
inferred using a U value of 5 eV in DFT + U calculations. 
Here, we explore doping as an effective means to improve the electronic conductivity. In 
Figure 7, we show a conductivity map for doped La perovskites with a general formula 
LaxA’1-xByB’1-yO3, (x, y = ¼ for orthorhombic and 1/6 for hexagonal cell), where A’ = (Ca, 
Sr and Ba) and B’ = (Cr, Mn, Fe, Co, Ni and Cu) are changed independently of each other. 
We set the U-value to 5 eV which is approximately an average U value reported for these 
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compounds.41 We infer the conductivity type by carefully examining the DOS, especially 
regarding the position of the Fermi level with respect to the valence and conduction band 
edges, and magnetic moments of host and dopant metal cations. The following discussion is 
based mainly on Notes 3 and 4 in the ESI, wherein we plot DOS and tabulate magnetic 
moments of host and dopant elements for the investigated subset of doped La perovskites.  
As DFT calculations are performed at temperatures close to absolute zero, the 
conductivity map in Figure 7 holds only at that particular condition. For most of the 
catalysts, the conductivity is constant with temperature, however for Co3+, the conductivity 
is temperature dependent because the non-conductive Co3+(LS) is thermally excited to 
conductive Co3+(IS). Therefore, we believe that most of catalysts with host or dopant Co3+ 
will be electronically conductive at room temperatures. As stated in the introduction, we 
consider only bulk catalysts here, wherein the conductivity is dependent on the size of the 
band gap and the concentration of charge carriers. It should, however, be noted that surfaces 
of bulk insulating materials can be conductive owing to different oxidation states of surface 
ions in comparison to bulk.  
We find that approximately half of the catalysts are semiconductors and half support some kind 
of electronic conduction. The purpose of this work is to show whether charge transport is possible 
and not to quantify the charge carrier mobility. From oxides that are electronically conductive, we 
distinguish three different conductivity types: intrinsic conductivity (I), charge transport via electron 
polarons (P)103 and charge transport via holes (H) in the valence band, where holes can either be in 
the metal 3d or O 2p states. We illustrate the different charge transfer types by three representative 
examples.  
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Figure 7 Conductivity map for doped La perovskite oxides. Conduction type (I-intrinsic, P-polaron 
and H-hole transport via O 2p or metal 3d states denoted in brackets) is shown for electrically 
conductive catalysts at absolute zero. 
 
For type I, charge transport originates from the strong overlap between the metal eg and 
O 2p orbitals resulting in a broad hybridized state that straddles the Fermi level. This is a 
characteristic of Ni3+ and Co3+(IS) ions (cf. LaNiO3 in Figure 8). For type P, charge transfer 
takes place via electron hopping between Mn3+/Mn4+ (LaMnO3 doped with alkaline-earth 
metals or Cu) ion pairs. The electronic conduction is triggered by a magnetic double 
exchange, which allows electron hopping from Mn3+ to neighboring Mn4+ ions through 
intermediary oxygen. As seen in Figure 7, H is the dominant conduction type that 
corresponds to the p-type doping and most times occurs when a host metal is replaced by an 
element with a lower valence. There are two different kinds of holes depending on the 
position of the metal 3d and O 2p states. In the case of alkaline-earth doped LaFeO3 (cf. 
Figure 8) holes are centred on oxygen ligands and in the case of alkaline-earth doped 
LaCuO3 they are delocalized over Cu ions (see Note 3 and 4 in ESI). The delocalization is 
explained in more details in the following. 
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a)  
b)  
c)  
Figure 8 Three representative cases of different electron conduction types a) LaNiO3 (I) b) 
LaCa0.25Mn0.75O3 (P) and c) LaCa0.25Fe0.75O3 (H). Solid and dashed lines are density of 
states projected onto metal 3d and oxygen 2p levels, respectively. 
 
In a simple Zaanen, Sawatzky and Allan (ZSA) framework,104 the separation into charge 
transfer and Mott-Hubbard insulators is made contingent on which of the two states 
comprise the valence band. In reality, the hybridized states at the Fermi level have both the 
24 
 
O 2p and metal 3d character; therefore, strictly speaking, there are many intermediate cases 
in-between the two limiting. If the valence band is dominated by the O 2p states, upon 
partial substitution with a lower valent element, the dopant atom draws charge from the O 
2p states. Otherwise, if host 3d states dominate the valence band, electrons are drawn from 
the 3d levels of host B cations. An example of the former case is La0.75Ca0.25FeO3 in which 
Ca substitution for La takes an electron from the O 2p states giving rise to a delocalized 
ligand-hole (L). An example of the latter case is La0.75Ca0.25MnO3, where an electron is 
taken from Mn3+ to make Mn4+. A particularly intriguing case is doped LaCuO3. If doped by 
an element that prefers the +4 state, such as Mn or Cr, the excess electron is delocalized over 
vicinal oxygens ions. On the other hand, if doped with an alkaline earth element at A site, 
the electron is withdrawn from the Cu 3d levels. In certain cases, the interaction of two 
different types can be the origin of electronic conductance. Such examples are Ni doped 
LaCrO3 or LaCoO3, wherein the Ni oxidation state is in between +2 and +3. Ni
+(2-3) 
hybridizes with nearby L created by partial charge transfer to Ni+3. All compounds with Ni 
are in general conductors, with type I dominating through Ni3+, except for LaFe0.75Ni0.25O3 
and LaMn0.75Ni0.25O3. In LaFe0.75Ni0.25O3, Ni is Ni
3+, but the band-gap is so large that the 
presence of Ni3+ does not really have an effect on the conductance. The non-conductive Ni3+ 
is supported by presence of JT distortions. In LaMn0.75Ni0.25O3, Ni becomes non-conductive 
Ni2+, followed by oxidation of host Mn3+ to Mn4+. We do not observe polarons in 
LaMn0.75Ni0.25O3 despite having mixed Mn valences. 
 
4. Conclusions 
In summary, we have investigated the performance of the selected pure and doped 
perovskite oxides for the OER using two commonly employed computational approaches, 
DFT+U and HSE. We arrive at following conclusions: 
 
1. The U-parameter in DFT+U and the -parameter in HSE calculations have huge effects on the 
calculated heats of formation in cases where the B cation valence is different in the perovskite 
and the reference oxide from which it is calculated. We find that crystal structures with face-
shared octahedra are the most stable catalysts and those with negative charge transfer energy are 
the least stable catalysts. 
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2. During a full oxidation cycle, the surface metal B cation changes its oxidation state depending on 
reaction intermediate and B cation type. We find a large influence on the choice of U and -
values on the calculated adsorption energies and reaction overpotentials derived from these. This 
finding makes it challenging to rate and compare activities across a broad range of different 
perovskite oxide electrocatalysts.  
 
3. HSE calculations cannot be used as benchmarks for evaluating the stability and activity of 
perovskite oxides, since the results are as sensitive on the choice of  as they are on the choice of 
U. In fact, we see little benefit in using HSE-level calculations for studying multi-step 
electrochemical reactions on complex oxides, which does not seem to warrant the excess 
computational cost. 
  
4. The electronic conductivity is found to be less sensitive to the specific choice of U or . Here, 
we distinguish among three different conduction types: intrinsic conduction for Fe4+, Co3+(IS) 
and Ni3+ originating from partial occupancy of the eg orbital, electron polaron hopping along the 
Mn3+-O-Mn4+ chains and conductance via oxygen 2p or metal 3d holes in the valence band. 
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